We investigated the self-induced inverse spin Hall effect in ferromagnets. Temperature (T), thickness (t) and angular-dependent measurements of transverse voltage in spin pumping experiments were performed with permalloy films. Results revealed non-monotonous Tdependence of the self-induced transverse voltage. Qualitative agreement was found with firstprinciple calculations unravelling the skew scattering, side-jump, and intrinsic contributions to the T-dependent spin Hall conductivity. Experimental data were similar whatever the material in contact with permalloy (oxides or metals), and revealed an increase of produced current with t, demonstrating a bulk origin of the effect.
The generation of a spin current and its further conversion to a charge current have attracted considerable attention, facilitating advances in basic physics along with the emergence of closely related applications in the field of spintronics [1, 2] . The electronic transport regime considers spins carried by conduction electrons, in contrast to the magnonic transport regime which refers to excitation of localized-magnetic-moments [3, 4] . Electronic spin current can be considered to occur through two distinct mechanisms: drift 'spin-polarized' current, when spins are carried by conduction electrons drifting due to the effect of an electric field; and diffusive 'pure' spin current, which is caused by diffusion of conduction electrons bearing majority spin and minority spin in opposite directions. Non-magnetic metals (NM) only permit diffusive spin current, but both types of current can coexist in ferromagnetic metals (F). In the case of diffusive spin current, diffusion results from non-equilibrium conditions creating a spin imbalance. This imbalance can be triggered by several mechanisms including distinct densities of states at the interface between materials of different types (e.g. F and NM), and transfer of angular momentum between phonons, photons, and electrons [2] . In this context, an electrical current can be converted to a spin current and vice versa as a result of the spin-orbit interaction (SOI), which links the spin and the orbital angular momentum of an electron. As a result of SOI, a flow of charges (spin) causes transverse spin (charge) to accumulate [5] . One of the related effects of this phenomenon, known as the inverse spin Hall effect (ISHE) [6, 7] , is commonly used to study SOI in NMs inserted into archetypal F/NM bilayers. In some of these studies, a spin current is pumped from the F spin-injector at resonance [8, 9] , and the ISHE ensures spincharge conversion in the NM [10] . The contribution of the F to spin-charge conversion can be difficult to distinguish from that of the NM, and spin-charge conversion arising from the F is frequently neglected in experiments [11] [12] [13] [14] [15] [16] [17] . However, as we will further discuss below, in some cases spin-charge conversion in the F may prevail and need to be carefully considered. Some experimental studies indicated that self-induced charge current can be generated at room temperature (T) in NiFe [13] , Co [15] and Fe [15] ferromagnets at resonance. The proposed mechanism for the origin of this spin current considered asymmetric spin-dependent scattering at the different interfaces. More specifically, when magnetic moments precess, the angular momentum of 3d-electrons is transferred to 4s-conduction electrons leading to a spin-polarized current in the F. Spins then flow in a diffuse manner due to non-uniform magnetization, which has been ascribed to asymmetric spin relaxation at the various interfaces. SOI in the F further ensures spin-charge conversion via the ISHE. Experimental data indicated a conversion efficiency of about 1% for NiFe [13] .
In this study, we investigated the self-induced ISHE in single permalloy thin films when brought to resonance. Most importantly, our results demonstrated the bulk origin of the effect.
Our experimental data revealed the self-induced transverse charge current to have a nonmonotonous T-dependence. This finding was corroborated by the results of first-principle calculations describing the various contributions to the T-dependent spin Hall conductivity.
The full stacks used were (from substrate to surface):
//Cu(6)/NiFe(tNiFe=8;12;16;24;32)/Cu(3)/Al(2)Ox (nm) multilayers. Stacks were deposited at room-T by dc-magnetron sputtering on Si/SiO2(500)// substrates at a pressure of 2.3 x 10 -3 mbar under argon. The NiFe layer was deposited from a Ni81Fe19 (at. %) permalloy target. A 2-nmthick Al cap was deposited to form a protective Al(2)Ox film after oxidation in air. The sample dimensions were: l = 2.46 mm and w = 0.46 mm. Both sides of the samples were connected to electrodes using aluminum-wire-bonding.
Spin pumping experiments ( Fig. 1(a) ) were conducted in a continuous-wave electron paramagnetic resonance spectrometer. The sample was fitted with a three-loop-two-gap resonator operating at 9.6 GHz. An input power of 40 mW was used, corresponding to a value of excitation magnetic field of about hrf ~0.5 Oe. The precise value was determined for each data point by measuring the quality factor of the cavity. The resonator is similar to an X-band rectangular cavity operating in TE102 mode [18, 19] . hrf was thus applied along the y direction.
A dc bias field (H) was simultaneously applied at an angle () with respect to the sample normal (z). For each angle tested, the amplitude of H was scanned across the resonant condition for the NiFe layer's magnetization (M). The corresponding electric potential difference (V) induced along the y direction as a result of spin pumping and spin-charge conversion was then recorded.
The field-sweep-rate was about 14 Oe.s -1 . A typical V vs H spectrum is shown in Fig. 1(b) . The symmetric (Sym) and the antisymmetric (Antisym) contributions were disentangled by fitting data using the following equation:
, where Hpp is the the peak-to-peak line width, and Hres is the resonance field. can be produced by the ISHE combined with any contributions from the anisotropic magnetoresistance (AMR) effect -planar
Hall effect (PHE) part -and the anomalous Nernst effect (ANE). generally results from the anomalous Hall effect. In addition to these measurements, the electromagnetic signal reflected by the sample was converted into an electrical signal by a Schottky diode, thus allowing absorption spectra to be measured ( Fig. 1(c) ). Lock-in detection was used to enhance the signal-to-noise ratio. Data were fitted using a Lorentzian derivative to determine Hpp and
Hres.
The experiments and data analysis described above were conducted at T ranging between 50 and 300 K (Fig. 2) . The key novel result of our article is that, for NiFe, Vsym displays a non-monotonous T-dependence. measurements [21] . The non-monotonous T-dependence of V was also independent of Hpp vs T, which was monotonous ( Fig. 2 (c)) [22, 23] . The total Gilbert damping was determined using the following equation:  = ( −  0 )√3||/(4 ). Inhomogeneous broadening (Hpp0) due to spatial variations in the magnetic properties could reasonably be neglected when making estimations at 9.6 GHz, since T-invariant values of just a few Oe were found using similar samples and a broadband setup (compared to linewidth of the order of 25-30 Oe). The gyromagnetic ratio was determined by fitting data related to the f-dependence of Hres at 300 K, and a reasonable value of =18.8 MHz.Oe -1 was obtained. In line with [24] , a potential Tdependent change in the direction of anisotropy could also be ruled out from the behavior of
Hres vs T (Fig. 2(d)
). Data were satisfactorily described using the usual Kittel formula [25] .
To gain further insight into the origins of Vsym, we performed angular()-dependent measurements for T = 95 K (maximal signal). Experimental data were compared to numerical calculations ( Fig. 3(a) ). The following set of equations describing equilibrium conditions was [20, 26] was used to describe the data shown in Fig. 3(b) . Numerical minimization returned  = 0.008, and  = 0.25°. The -dependence of M was also determined from the calculations and is plotted in Fig. 3(c) . The related transverse voltage resulting from the ISHE was calculated by applying the following theoretical expression [10] :
The correspondence between experimental data and theoretical predictions (Fig. 3(d) ) indicates that the ISHE may be the main effect influencing the T-dependence observed.
We then compared the charge current deduced from our experimental data (Fig. 4(a) ):
where R is the resistance of the slab, to first-principle calculations of spin Hall conductivity (Fig. 4(b) ). When performing calculations, the thin film was considered a bulk material. For these calculations, the spin-polarized relativistic-Korringa
Kohn Rostoker (SPR-KKR) code was used [27] [28] [29] . In this code, the linear response Kubo formalism was implemented in a fully relativistic multiple-scattering KKR Green function method. Thermal effects were modeled by considering electron scattering due to lattice vibration to be the dominant effect, because application of H in the ferromagnetic resonance , were then plotted (Fig. 4(c) ) to determine the Ni81Fe19 composition. The non-monotonous T-dependence of , could clearly be ascribed to the fact that the skew scattering and the side-jump plus intrinsic contributions have opposite signs and similar amplitudes. These results can be phenomenologically understood in the light of the resonant scattering model that takes split impurity levels into consideration [31, 32] . By inserting the scattering phase shift of Fe in Ni, returned by the SPR-KKR code, into the equations for spin Hall proposed in [31] , we determined the ratio between the skew scattering and side-jump contributions to be around -1.2. The same trend of opposing signs and similar amplitudes was observed. This finding also seems to infer that the intrinsic contribution to the ISHE is negligible in permalloy.
Interestingly, similar sets of experimental T-dependences for IC were obtained whatever the material in contact with the permalloy: SiO2, MgO, AlOx oxides, Cu, and Pt metals. This observation further confirms the bulk origin of the effect (supplemental material), and also demonstrates that our observations are not linked to the ANE [33] [34] [35] . This effect could also generate a transverse charge current due to SOI, and shares the same symmetry as the ISHE. It is known to result from a T-gradient building up when maximum power is absorbed by the F.
Because the thermal conductivity of the oxides used in our experiments is of the order of W.m -1 .K -1 compared to a few hundred for the metals, significant changes in the amplitude of ANErelated observations is expected. However, our observations were independent of the heatsinking efficiency of the stack. These results were also corroborated by the fact that the signal observed was independent of the field-sweep rate (supplemental material) [35] .
We will now comment on the direction of the self-induced current (JS,self) (Fig. 5 ). To gain further insight into this matter, a reference layer of Pt was added to the stack, either as a buffer or as a capping layer. In this case, spin-charge conversions produced by ISHE in the Pt and NiFe layers contribute concurrently to the total experimentally probed IC. The Pt layer has a positive spin Hall angle ( , ). For sufficiently thick layers, Vsym generated in Pt relates to , , because , is known to be mostly due to intrinsic contributions [36] [37] [38] .
, , and Vsym are therefore T-independent. Furthermore, Vsym in Pt flips sign when the stacking order or field are reversed [6, 7] . Given this fact, and considering the electrical connections in our setup, a buffer Pt layer pumps a spin current (JS,Pt) toward the substrate and returns a negative (positive) value of Vsym for a field angle  (90°), resulting in a negative
value of IC = [Vsym,=-90°-Vsym,=90°)]/(2R).
Conversely, when a capping Pt layer is included, a positive value of IC is returned. The NiFe layer also has a positive Hall angle [13] . The findings presented in Fig. 5 therefore indicate that, with regards to spin current direction, the NiFe layer behaves similarly to a buffer Pt layer, as it induces a negative IC. In this scenario, spin-and subsequent charge-currents in the Pt and NiFe layers add up for the buffer Pt layer case, and subtract for the capping case (inset of Fig. 5 ). Similar to previous experiments [13] , the spin current may be generated as a result of asymmetric spin-dependent scattering across the NiFe film, possibly due to non-homogeneous film properties across its thickness and to subsequent asymmetric spin relaxation at the various interfaces. From these data, at T~95 K, the selfinduced conversion of the NiFe can be as efficient as that observed with Pt. We also note that although spin-charge conversion in NiFe is inefficient close to 300 K and only relates to ISHE in the Pt layer, self-induced spin diffusion still occurs. This effect creates asymmetry in the subsequent spin-charge conversion and may contribute to the observed difference in IC measured at 300 K due to the inversion of the Pt growth order. Inverting the growth order also Fig. 5 at 300 K, we calculated , , = 0.23 and 0.52 nm for the capping and buffer Pt layer cases, respectively. These data give the expected order of magnitude for Pt [38] . The discrepancy between the two values tends to confirm that JS,self cannot be neglected when determining , , in agreement with [12] .
We finally considered how the effect observed was affected by the NiFe layer thickness.
We found that the position of maximum conversion, IC,95K, was thickness-independent ( Fig.   6(a) ). This observation is in agreement with the bulk origin of the effect, described in our discussion of Fig. 4 . We further observed that the amplitude of IC,95K showed a similar thickness-dependence to IC,300K (Fig. 6(b) ). The thickness-dependence of IC relates to t
where 1/ 2 accounts for the spin pumping efficiency, and t * describes the thickness-dependence of the spin-charge conversion efficiency [10] . The former parameter was found to increase with thickness in a linear fashion. This behavior is due to the decreasing role played by interfaces, and the subsequent decrease of  for thick layers [39] . For the conversion efficiency, in this case, the spin-sink is also the NiFe spin current generator. Considering that the spin current is due to asymmetric spin relaxation at the various interfaces, we get a situation similar to the case of a spin-sink receiving the spin current from a third party and can thus consider that
. , was estimated by combining our measurements of longitudinal conductivity in the following relation [40] : , = 0.91 , 10 −12 . The values calculated for , at T=100 K ranged between 2.9 nm for 8-nm-thick NiFe films to 5.3 nm for the 32-nm-thick film, in agreement with [41] . Plotting t * / 2 vs T (inset of Fig. 6(b) ) revealed a nearly linear behavior, corroborating the results of the thickness-dependence of IC.
In conclusion, the main contribution of this paper is that it presents systematic evidence of a self-induced ISHE in FMR experiments. Our findings were supported by distinct sets of T- Figure S1(g) shows that the effect was absent when the NiFe was replaced by a CoFeB layer.
2.
In this second part of supplemental material, we present data that show that the nonmonotonous T-dependence of spin-charge conversion is independent of the sweep rate used for the magnetic field (Fig. S2(a) ), over the range accessible with our experimental setup. We note that this behavior is even valid despite an estimated temperature increase of up to about 180 mK, due to the absorption of the microwave power by the sample at resonance (Fig. S2(b-d) ). 
